McGee-Lawrence ME, Carey HV, Donahue SW. Mammalian hibernation as a model of disuse osteoporosis: the effects of physical inactivity on bone metabolism, structure, and strength. Am J Physiol Regul Integr Comp Physiol 295: R1999 -R2014, 2008. First published October 8, 2008 doi:10.1152/ajpregu.90648.2008.-Reduced skeletal loading typically leads to bone loss because bone formation and bone resorption become unbalanced. Hibernation is a natural model of musculoskeletal disuse because hibernating animals greatly reduce weight-bearing activity, and therefore, they would be expected to lose bone. Some evidence suggests that small mammals like ground squirrels, bats, and hamsters do lose bone during hibernation, but the mechanism of bone loss is unclear. In contrast, hibernating bears maintain balanced bone remodeling and preserve bone structure and strength. Differences in the skeletal responses of bears and smaller mammals to hibernation may be due to differences in their hibernation patterns; smaller mammals may excrete calcium liberated from bone during periodic arousals throughout hibernation, leading to progressive bone loss over time, whereas bears may have evolved more sophisticated physiological processes to recycle calcium, prevent hypercalcemia, and maintain bone integrity. Investigating the roles of neural and hormonal control of bear bone metabolism could give valuable insight into translating the mechanisms that prevent disuse-induced bone loss in bears into novel therapies for treating osteoporosis.
calcium; bear; recycling; torpor; remodeling ELUCIDATING THE MECHANISMS underlying natural models of physiological adaptation may aid in the development of new therapies for treating human diseases. These models are advantageous in the pursuit of new clinical therapies because they have evolved unique physiological mechanisms that traditional laboratory animal models of human diseases have not. One natural model of interest is hibernation, a strategy employed by animals to survive periods of reduced food availability. Mammalian hibernators reduce many homeostatic processes to conserve metabolic energy when food is scarce. Physiological changes associated with hibernation are drastic; understanding the biological mechanisms that make it possible to survive long periods of decreased heart rate and ventilation, lack of dietary nutrition and water intake, reduced waste excretion, and chronic immobility could lead to the development of improved treatments for human conditions like cardiac failure, hypoxia, renal and digestive disease, and musculoskeletal atrophy. This review describes how hibernation affects bone.
Primary (age-related) osteoporosis is currently a health threat for ϳ44 million Americans. Disuse osteoporosis, which is bone loss caused by reduced mechanical loading of the skeleton, causes bone loss in astronauts and is an important clinical problem for patients chronically immobilized due to stroke or spinal cord injury (92, 190) . In humans and most animals, disuse leads to compromised bone architecture (62, 116, 117, 163) , loss of mineral density (91, 100) , reduced bone mechanical properties (91, 117) , and consequently, increased risk of bone fracture (92, 185) . Interestingly, at least two hibernating species (Ursus americanus and Ursus arctos horribilis) appear resistant to osteoporosis induced by disuse (55, 128, 141) . Although bears are physically inactive for ϳ6 mo annually, hibernating bear cortical bone is actually less porous and more mineralized than bone from active bears (128) . Investigating mechanisms of bone preservation in hibernating bears may, therefore, lead to the development of improved treatments for osteoporosis. It is possible that the metabolic recycling and energy conservation strategies central to hibernation help protect skeletal tissues during disuse. However, some evidence suggests that bears may be unique in this ability, since smaller mammals (which differ from bears in their hibernation patterns) may experience bone loss during hibernation. Initial studies suggest that smaller mammals may demonstrate decreased bone structural properties and mineralization during hibernation, but further work is needed to explore this hypothesis. This paper reviews current knowledge of the effects of hibernation on bone properties in bears and smaller mammals and explores the potential effects of energy conservation and metabolic recycling mechanisms on bone metabolism.
Effects of Disuse on Bone
Bone typically remodels in response to the mechanical loading that it experiences (154) . Whereas exercise and overloading increase bone mass (17, 43) , disuse causes bone loss (i.e., decreased bone structure and strength) and an increase in the risk of bone fracture (91, 92, 108, 181, 185) . Bone is lost during disuse because bone remodeling becomes unbalanced: bone resorption exceeds formation (7, 21, 117, 149, 178, 196, 199, 208) . This bone loss is manifest as increased porosity (66, 87, 88, 105, 117, 156) , decreased bone structural properties (62, 117, 163) , decreased mineralization (91, 102) , and decreased bone strength (1, 117, 183) . Although both cortical and trabecular bone are affected by mechanical unloading, the larger surface area of trabecular bone makes it more susceptible to changes in remodeling activity. Disuse-induced losses of trabecular architecture (116) , mineral density (91) , and strength (91) typically exceed losses of those properties in cortical bone (67, 91, 102) . Human and animal models of disuse are discussed in detail below, and their effects on bone properties are summarized in Table 1 .
Effects of disuse in humans. Increased bone resorption and/or decreased bone formation can occur during human spaceflight and prolonged human bedrest (21, 169, 208) . These changes can be seen histologically and may be reflected in serum markers of bone remodeling. A 120-day bedrest period decreased mineral apposition rate by 26% and osteoid surface by 41% in the human iliac crest (140, 186) , and 12 wk of bedrest led to a 120% increase in eroded surface and a 100% increase in osteoclast surface in the human iliac crest (208) . During human bedrest, serum levels of carboxyterminal telopeptide of type I collagen (ICTP, marker of bone resorption) increased by ϳ20 -30% (208) , and during human spaceflight, serum levels of crosslinked carboxyterminal telopeptide of type I collagen (CTX, marker of bone resorption) increased by 40%, whereas serum osteocalcin (OCN, marker of bone formation) levels decreased by ϳ7% (22) .
Changes in bone remodeling lead to deleterious alterations in bone structure and geometry in humans. Paralysis from spinal cord injury caused progressive loss of lower-limb bone mineral density (BMD) over time, averaging 17% loss in femoral midshaft BMD in the first year after injury and ϳ1.6% per year for the next 5 yr thereafter (95) . Similarly, spaceflight caused BMD in the human hip to decrease at a rate of 1.2-1.5% per month (102) . Long-term spinal cord injury (13-20 yr) decreased both the cross-sectional area and the maximum cross-sectional moment of inertia of the tibial midshaft by 25-38% compared with healthy, age-matched controls (34) . Bone loss resulting from disuse leads to a decrease in bone mechanical properties and increase in the risk of bone fracture (92, 185) . Fracture rates double compared with healthy controls in the first year following spinal cord injury (185) and are also elevated compared with healthy controls after the onset of stroke (92) .
Bone catabolism induced by disuse liberates calcium from the skeleton, and can consequently lead to hypercalcemia and increased calcium excretion (85, 162, 192, 208) . For example, urinary calcium excretion increased 39% and fecal calcium excretion increased 20% during 17 wk of bedrest relative to baseline measurements (162) . Increased calcium excretion is also seen during 12 wk of bedrest and is accompanied by a 2% increase in serum calcium levels (208) .
Effects of disuse in common laboratory animal models. Bone loss during disuse in small animals like rats and mice can result from decreased bone formation alone (178, 199) , or both increased bone resorption and decreased bone formation (149, 196) . Immobilization of canine forelimbs increases both bone resorption and bone formation but causes bone loss via unbalanced relative increases in bone resorption over bone formation, increased remodeling space, and possibly because of an abnormally long lag time between resorption and formation (117) . Laboratory animal models of disuse, therefore, demonstrate a similar end result: bone resorption exceeds bone formation and bone loss occurs. The imbalance in resorption and formation can be seen histologically. For example, 8 wk of immobilization in turkey ulnae led to a 1.4-fold increase in the density of remodeling sites relative to controls, and the ratio of formation foci to resorption foci of remodeling sites decreased by 68% (7) .
The effects of disuse on cortical and cancellous bone have been studied extensively in animal models such as rats (1, 11, 12, 15, 75, 146, 163, 183, 188) , mice (2, 6, 90, 159, 164, 165) , dogs (87, 88, 91, 100, 116, 117) , sheep (158, 175) , turkeys (7, 66, 105, 156) , and primates (200 -202, 207) . In dogs, forelimb immobilization (via casting) for 16 wk caused a 25% decrease in cortical BMD of the radius (91) . Four weeks of immobilization in turkey ulnae led to a five-fold increase in porous area and a three-fold increase in porous cavity size compared with controls, and 8 wk of immobilization led to a 13% decrease in cortical area (7, 156) . Disuse-induced changes in bone composition and structure lead to a decrease in bone mechanical properties. For example, in dogs, 16 wk of forelimb immobilization reduced the maximum load and ultimate stress of the humerus by ϳ21% and 12%, respectively (91) . Even short periods of disuse can have deleterious consequences on the skeleton. For example, 1-2 wk of hindlimb suspension in male and female rats decreased cortical bone area in the tibial diaphysis by 6 -12%, and decreased bone volume fraction in the proximal tibia by 15-54% (33) .
It is clear from previous studies that disuse causes cortical and trabecular bone loss in humans and most animals, and thus, it would be expected that reduced physical activity associated with hibernation would cause substantial bone loss and increased calcium excretion in hibernating mammals. This may be true for small mammals (discussed below), but bears do not excrete waste during hibernation, and evidence suggests that hibernating bears are able to prevent disuse-induced bone loss (39, 55, 128, 141) .
Hibernation as a model of skeletal disuse. Hibernation is a natural model of musculoskeletal disuse because physical activity is greatly reduced, probably to conserve metabolic energy. Hibernation lasts ϳ5-8 mo in many mammals, and this length of physical inactivity is known to cause bone loss in nonhibernating species (27, 87, 88, 91, 100, 108, 186, 208) . Physical activity sharply declines in bears immediately before denning (106) , and bears remain in an inactive state during hibernation (135) . Most bear dens are too small to permit weight-bearing activity, and bears typically do not emerge from their dens during the hibernation season (L. L. Rogers, personal communication, 2004) . Small hibernators are completely inactive during torpid states, but raise body temperature (T b ) and arouse from torpor every 3-25 days during hibernation (59, 115) . However, the animals spend most of their time sleeping during these periodic arousals from torpor (32, 107, 176) , and arousal periods are short in length (Ͻ24 h) relative to the amount of time spent in torpor (59) ; laboratory animal models have demonstrated that short periods of activity during prolonged disuse are not sufficient to prevent bone loss. For example, daily exercise periods (up to 1.5 h in length) did not prevent losses of bone mechanical properties in the tibia and femur of hindlimb-suspended rats (163) . Common examples of disuse that decrease weight-bearing activity include astronauts in microgravity (93, 102, 103, 187) , patients subjected to prolonged bedrest (108, 162, 186, 208) , and chronic immobilization from stroke and spinal cord injury (34, 35, 51, 60, 89, 92, 95, 112, 130, 148, 185, 190, 205) . Laboratory animal models of disuse often focus on the hindlimbs or forelimbs since weight-bearing skeletal locations are most affected by unloading in humans (108, 187) . Common laboratory animal models of disuse include hindlimb suspension of rodents (15, 75, 146, 164, 170, 183) , limb immobilization by casting (24, 47, 116, 117, 156, 158) , and surgical limb immobilization by neurectomy or tenotomy (132, 196, 206) . Thus, with regard to weight-bearing activity, hibernation and other laboratory models of disuse are comparable.
It should be noted that both bears and smaller hibernating mammals experience some degree of shivering during hibernation, which may provide a small mechanical stimulus to bone and muscle tissues. Captive grizzly bears exhibit muscle shuddering (Ͻ0.2 s of activation every 3-10 s) during hibernation for periods lasting greater than 1 h (120). Bears may shiver to maintain T b , since more frequent shivering is observed when ambient temperature decreases (B. M. Barnes, personal communication, 2004 ). Small mammalian hibernators shiver violently during arousal periods between bouts of torpor. For example, hibernating bats shiver for ϳ30 min at the onset of an arousal period, which helps raise T b and metabolic rate (110) . It has been hypothesized that shivering may provide a sufficient mechanical stimulus to maintain muscle in hibernating mammals (70, 109) ; wild black bears only lose 23-29% of muscle strength during hibernation (71, 121) , whereas humans are predicted to lose up to 90% of muscle strength during a comparable length of disuse (71) . Similarly, captive grizzly bears maintain muscle composition and fiber cross-sectional area during hibernation (77) , and small mammals either preserve (109, 189) or experience smaller losses (171, 198) of muscle mass and strength during hibernation than would be expected during disuse in nonhibernating species (reviewed in Ref. 84 ). It has also been hypothesized that shivering could help preserve bone tissue during hibernation (141) . However, small mammals demonstrate bone loss during hibernation despite periodic shivering during arousals (as will be discussed in detail below) (69, 97, 99, 172, 197) . Furthermore, since low-magnitude, high-frequency mechanical stimulation is not anabolic for cortical bone (157) , but hibernating bears completely prevent cortical bone loss (128) , it is likely that the mechanical loading provided by shivering is inadequate for explaining this phenomenon in bears.
Effects of Hibernation on Bones in Small Mammals
Previous studies suggest that small mammals may experience bone loss during hibernation. Evidence demonstrating bone loss during hibernation has been obtained in bats, hamsters, and ground squirrels; osteocyte lacunar size increases in these animals during hibernation (69, 97, 99, 172, 197) , cortical bone thickness decreases in hibernating bats and hamsters (97, 99, 172, 197) , and bone mineral content progressively decreases during hibernation in bats (20) (Fig. 1 ). Most previous studies of hibernation-induced bone loss in small hibernating mammals, however, were largely or solely observational rather than quantitative (42, 69, 97, 99, 138, 210) , and thus, the conclusions that can be drawn from them are limited. For example, although osteocyte lacunar size has been reported to increase in bats, hamsters, and ground squirrels, only one study on hamsters has quantified lacunar area (172) , whereas other studies reported histological images without quantitative measurements (42, 69, 97, 99, 197, 210) . Comparisons of hibernating to active counterparts are difficult to interpret as well. For example, although bone mineral content decreases over the course of hibernation in bats, it is 9 -24% higher in hibernating bats relative to summer controls (20) (Fig. 2) . Similarly, cortical bone thickness is elevated by ϳ17% in hamsters that have hibernated for 1 wk relative to nonhibernating controls (172), but after longer periods of hibernation, cortical thickness decreases (Fig. 2) . It is unclear whether smaller hibernators employ protective mechanisms to increase bone mass during the prehibernation period to help preserve skeletal integrity during the hibernation season. Furthermore, previous studies of bone properties in small hibernating mammals do not acknowledge or describe the effects of periodic interbout arousals from torpor; it is not known whether the observed bone loss occurred during torpor (i.e., directly in response to disuse) or if it represented a cumulative negative consequence of bone loss during periodic arousal periods throughout the hibernation season.
More comprehensive investigations of the effects of hibernation on bones in small mammalian hibernators are ongoing. In our laboratory, lacunar microstructure, bone mechanical properties (e.g., ultimate stress), geometrical properties (e.g., cortical area), and mineral content have been quantified for femurs from juvenile thirteen-lined ground squirrels (Spermophilus tridecemlineatus) killed during periods of physical activity, hibernation, and after a remobilization period of 4 wk following hibernation (n ϭ 8 active, 37 hibernating, 4 remobilized; unpublished data). These studies suggest that bone loss may occur on a microstructural scale during hibernation; similar to previous studies, lacunar size increased during hibernation (Fig. 3) . However, the effects of disuse on cortical bone geometry and strength are less clear. Bone geometrical properties and ash fraction of the femur were not different between juvenile squirrels before, during, or after hibernation (P Ͼ 0.20), which is in contrast to the decreased cortical thickness and demineralization reported in hibernating bats and hamsters (20, 97, 99, 172) . Similarly, in golden-mantled ground squirrels (Spermophilus lateralis), femoral and tibial bone strength were not different between active controls and squirrels that had hibernated for 8 mo (180) . Increasing trends in bone properties like ultimate load, ash fraction, and moments of inertia, which are typically associated with skeletal growth in the femur, were observed over the course of hibernation in juvenile thirteen-lined ground squirrels (P Ͻ 0.05, r Ͼ 0.40). Ground squirrels may reach adult size with fused long bone epiphyses before their first hibernation period (26, 94, 209) , but these bone properties can increase beyond skeletal maturity and may therefore still have been confounded by aging. It is, therefore, difficult to know whether hibernation caused small decreases in bone properties that could have been overshadowed by age-related trends. Furthermore, though osteocyte lacunar expansion was observed similar to previous studies in hibernating mammals, the squirrels did not have access to food during the hibernation period, and lack of dietary calcium can increase average lacunar size in growing animals via abnormal bone matrix formation (166, 167) . As such, the biological mechanism responsible for the observed increase in lacunar size (osteocytic osteolysis or malformed bone matrix) cannot presently be determined. Quantitative studies in adult animals (20) , and 13-lined ground squirrels (Spermophilus tridecemlineatus) (unpublished data). Early hibernation is defined as the earliest timepoint during hibernation when bone properties were quantified and reported. Percentage differences demonstrate the change in bone properties for each species at late timepoints of hibernation relative to early hibernation. A negative percentage difference in cortical thickness (Ct.Th) and bone mineral content (BMC) suggests losses of bone structure and mineralization. For example, golden hamsters decrease cortical bone thickness by ϳ40% after 7 wk of hibernation relative to the onset of hibernation. A positive percentage difference in the lacunar area (Lc.Ar) also suggests bone loss (increased bone porosity) over the course of hibernation. Measurements of cortical thickness and BMC in ground squirrels, however, may have been confounded by age-related increases, leading to a positive percentage difference in these properties which could have overshadowed hibernation-induced bone loss. (20) , and 13-lined ground squirrels (Spermophilus tridecemlineatus) (unpublished data). Percentage differences demonstrate the change in bone properties for hibernating animals of each species relative to active controls for different timepoints in the hibernation season. A negative percentage difference in Ct.Th and bone mineral content (BMC) suggests losses of bone structure and mineralization, as is shown for golden hamsters after 7 wk and little brown bats after 24 -28 wk of hibernation. A positive percentage difference in lacunar area (Lc.Ar) also suggests bone loss during hibernation relative to periods of physical activity, as is shown for both hamsters and ground squirrels. However, compared with active animals, BMC is elevated in bats that have hibernated Ͻ20 wk, and cortical thickness is elevated in hamsters that have hibernated for 1 wk; it is unclear whether these changes are an adaptive mechanism for hibernation or a confounding effect from another variable. Fig. 3 . Average osteocyte lacunar area was quantified at the femoral midshaft for juvenile (Ͻ1 yr old) ground squirrels that had been hibernating for 3-18 wk and was regressed against hibernation length. Osteocyte lacunar size increased over the course of hibernation (P ϭ 0.001). This trend is likely independent of skeletal growth, because lacunar size does not change with age in the femoral midshaft (147) .
are needed to better address the question of cortical bone loss in small hibernating mammals.
In summary, there is some evidence to suggest that small hibernators experience disuse-induced bone loss. At present, however, the lack of quantitative data and unclear relationships in bone properties between hibernating and active animals make it difficult to fully characterize the skeletal response of small mammals to hibernation.
Bone Preservation in Hibernating Bears
In contrast with smaller mammals, there is strong evidence to suggest that bears prevent bone loss during hibernation. Studies of serum bone remodeling markers (39 -41), histological indices of trabecular and cortical bone turnover (55, 128) , and measurements of bone strength and structure (127) (128) (129) in hibernating and active bears suggest that bears can maintain balanced bone remodeling during hibernation which prevents disuse-induced bone loss. Bears may therefore provide a unique model of skeletal resistance to disuse osteoporosis. A summary of the effects of hibernation on bone properties in bears is shown in Fig. 4 .
Seasonal changes in serum bone remodeling markers in bears.
In the first published study of the effects of hibernation on bear bone, histological analyses of iliac crest biopsies from hibernating and active bears suggested that bear trabecular bone remodeling increases during hibernation (with balanced bone resorption and formation), which helps maintain trabecular bone structure and calcium homeostasis (55) . However, small sample sizes (n Յ 3 bears per season) limited the conclusions that could be drawn from that study. Studies of bone turnover in bears were, therefore, expanded upon by quantifying serum markers of bone remodeling in a larger group of hibernating and active bears. Serum levels of procollagen type I carboxyl-terminal propeptide (PICP, a marker of bone formation) and carboxyterminal telopeptide of type I collagen (ICTP, a marker of bone resorption) represent bone turnover in the entire skeleton and are correlated with histologically measured volume-referent bone formation and resorption rates, respectively (50) . PICP and ICTP were quantified from blood samples collected periodically throughout the year from wild black bears (41) and every 10 days in captive black bears during prehibernation, hibernation, and posthibernation seasons (40) . These studies suggested that bone resorp- Fig. 4 . Summary of the effects of hibernation on bear cortical and trabecular bone strength, structure, composition, and turnover. Cortical bone properties have been quantified in the femoral midshaft, and trabecular bone properties have been quantified in the distal femoral metaphysis and distal femoral epiphysis (pictured here), as well as in the ilium. In contrast with humans and other animals, bears prevent cortical and trabecular bone loss during disuse. Cortical and trabecular bone remodeling decrease (2), but bone resorption and bone formation remain balanced in hibernating bears. This likely explains why bone structure (geometry, architecture) and strength are not different (7) between hibernating and active bears. The decrease in cortical bone turnover probably explains why porosity is decreased and bone mineral content is elevated (1) in hibernating bears. tion increased in hibernating bears, whereas formation markers did not change during hibernation but were elevated upon remobilization after hibernation (40, 41) . Thus, our original theory was that bears experience some bone loss during hibernation due to increased resorption, but lost bone could be rapidly recovered by elevating bone formation at the onset of spring remobilization (40, 41) . However, more recent analyses of longitudinal data (39) led to the theory that bone loss is prevented during hibernation by maintaining balanced bone resorption and formation (described below).
Bone remodeling markers have recently been quantified in polar bear mothers before and after they have given birth, and therefore before and after hibernation since pregnant female polar bears hibernate for a 3-mo gestational and 3-mo lactation period after birth (114) . The serum concentration of the bone resorption marker (ICTP) was higher in polar bears after hibernation compared with nonhibernating bears, and tended to be higher in posthibernation polar bears compared with prehibernation bears. One marker of bone formation (PICP) tended to be lower in posthibernation compared with nonhibernating bears, whereas another marker of bone formation (osteocalcin) was increased in both posthibernation and prehibernation bears compared with nonhibernating bears (114) . On the basis of the osteocalcin and ICTP data, it was inferred that polar bears may elevate bone formation before and during hibernation to prevent disuse-induced bone loss (114) . However, no direct measures of bone turnover were made during hibernation, and the lack of agreement between formation marker data and a trend for increased bone resorption in posthibernation bears make it difficult to draw conclusions from these data. Furthermore, conclusions in both the black bear and polar bear serum marker studies described above were based on mean concentrations of remodeling markers in each season, not their temporal changes over the course of hibernation. Longitudinal studies of bone turnover markers in hibernating and active black bears throughout the year suggest that both resorption (ICTP) and formation (osteocalcin and PICP) increase over the course of hibernation, but resorption and formation remain balanced which helps bears prevent bone loss during hibernation (39) .
A limitation of serum bone remodeling marker data in bears is that serum markers represent global bone turnover, and it is therefore unclear whether all skeletal locations respond similarly to disuse in bears during hibernation. Remodeling markers like ICTP and osteocalcin may accumulate in the serum when renal function is impaired, as occurs in human patients with renal failure (36, 179) . Since hibernating bears decrease renal function and do not excrete waste during hibernation, remodeling markers may reflect accumulation rather than bone cell activity. Furthermore, osteocalcin, which is a commonly used bone formation marker, may also act as a hormone in the interaction between bone and adipose tissues, possibly through regulation of adiponectin (45, 111, 113, 150) and may play a role in adipocyte regulation of osteoblast proliferation and differentiation; its exact role and true representation of bone formation activity in hibernating bears is, therefore, unclear. Because of these limitations, more direct measures of bone turnover, structure, mineral content, and strength were made to quantify how hibernation affects bear bone.
Age-related changes in bear cortical bone material properties. To better understand the effects of hibernation on the bear skeleton, bone structure and strength were quantified to determine the response of discrete skeletal locations (tibial and femoral diaphyses) to disuse in bears. Bone samples were obtained from bears killed during the fall hunting seasons in Michigan (73, 74, 127, 129) , and consequently, it was not possible to directly assess the effects of hibernation on bones. Instead, bone properties were analyzed with respect to age. Since bears hibernate annually, age was used as an indicator of the number of annual periods of disuse a bear has experienced. This is of interest because a remobilization period that is 2-3 times longer than the inactive period is typically required to fully recover bone lost during disuse (91, 195) , and therefore bears, which hibernate for 6 mo annually, would be expected to lose bone with age due to the annual deficit in recovered bone.
Cortical bone material properties in black bears were quantified using traditional approaches for materials testing (3-point beam bending and tensile tests) on bone coupons from the anterior and medial quadrants of the tibial diaphysis. These studies permitted analyses of cortical bone structure and strength independent of the confounding effects of whole bone geometry (177) . Cortical bone-bending strength and ash fraction (a measure of mineral content) in the tibial diaphysis increased with age, and bone tensile strength did not change with age (73, 74) . Bone strength and mineralization increased with age at approximately the same rate as in humans of similar relative ages (i.e., age normalized to life span) (31) . Interestingly, porosity in the medial quadrant of the tibia tended to decrease with age, contrary to the age-related increase in porosity seen in humans (73, 191) . Bears, therefore, did not demonstrate cumulative losses of bone material properties with age despite relatively short remobilization periods following annual hibernation. However, the strength of a whole bone (an indicator of fracture risk) is determined by bone geometrical properties, in addition to material properties. Furthermore, other animal models of disuse show that disuse-induced increases in porosity do not occur uniformly within a whole bone cross section (66) . Thus, hibernation-induced changes in bone properties may have been missed in studies on small bone coupons.
Age-related changes in bear whole bone properties. We began investigating whole bone properties in bears because physical inactivity can cause bone loss in localized regions of the diaphyseal cortex (66, 163) , and this bone loss can reduce whole bone mechanical properties (163) . For example, 8 wk of immobilization of turkey radii caused a 161% increase in cortical porosity compared with control values, and 58% of this increased porosity was located within the ventral/caudal segment of the cortex (representing only 24% of total cortical area) (66) . Similarly, rats subjected to hindlimb suspension for 4 wk demonstrated thinning in the anterior region of the femoral cortex, but not in other areas (163) . Since porosity and cortical thickness are correlated with bone mechanical properties (82, 124) , regionally focused bone loss may lead to locally weakened regions in the cortex, which reduce whole bone mechanical properties (163) . It was important to determine whether hibernation produced localized microstructural or geometrical changes in bone cortices that could impact whole bone mechanical behavior. Whole bone structural and mechanical properties were investigated in the femur because it has a superior length-to-depth ratio compared with the tibia, and it is therefore more appropriate for whole bone 3-point bending tests (177) . Also, compared with the tibia, the femur may be more detrimentally affected by disuse (163) . Intracortical po-rosity was quantified by anatomical quadrant (anterior, posterior, medial, lateral) and by radial position (endosteal, midcortical, periosteal) to look for regional variation in porosity with age. Moments of inertia were quantified for several different axes to determine whether annual hibernation led to a redistribution of bone. Bone mechanical properties were determined by three-point bending, and geometrical properties and ash fraction were quantified near the femoral midshaft. Ash fraction and whole bone bending strength increased with age in bears, and porosity did not increase with age, even in bears near the end of their life span (127, 129) . There was little variation in intracortical porosity between quadrants or radial position, and all moments of inertia increased with age (127, 129) . These data provided further support for the idea that bears do not experience bone loss with aging due to the cumulative effects of hibernation. It was still unclear, however, whether bears prevented bone loss during hibernation or if they lost some bone during hibernation and recovered it during the summer months when they were physically active.
Seasonal changes in bear cortical bone properties. The direct effects of hibernation on bear skeletal tissues were observed by studying cortical bone turnover in calcein-labeled hibernating and active grizzly bears (n ϭ 4 bears per season) (128) ( Table 2 ). Bears were paired by age and sex and were killed during periods of physical activity or after ϳ17 wk of hibernation. This model is an improvement over previous studies of age-related changes in bear bones because it permits direct comparison of bone properties in hibernating and active bears. Therefore, it was possible to determine whether bears completely prevent bone loss during hibernation or whether they lose bone and subsequently recover it at a faster rate than other animals recover from disuse-induced bone loss. Analyses of whole bone structure and strength were completed, as described in Age-related changes in bear whole bone properties, and additionally, static and dynamic histomorphometry were used to quantify bone turnover. Bone geometrical and strength properties were not different between hibernating and active bears, and interestingly, porosity was lower and bone mineral content was higher in hibernating compared with active grizzly bears (128) , contrary to the increased porosity and demineralization that accompany disuse in other animals (66, 87, 105) Furthermore, activation frequency of intracortical remodeling was reduced by 75%, and refilling and resorption cavity densities were 55% and 68% lower, respectively, in hibernating grizzly bears. Therefore, these histological studies suggested that bone remodeling activity (both resorption and formation) are decreased, but balanced, in hibernating grizzly bears, which likely explains how bears preserve bone structure and strength during hibernation (128) . On the basis of measurements of intracortical activation frequency and remodeling cavity size, the amount of actively remodeling bone in hibernating grizzly bears is only about 25% of the amount of bone that actively remodels in physically active grizzly bears. This is contrary to the increased bone turnover that can lead to bone loss in other animal models of disuse (117) . The decrease in cortical bone remodeling during hibernation likely explains why bone mineral content was elevated in the hibernating bears, since older bone is more mineralized than newly remodeled bone. Intracortical porosity was probably lower in the hibernating bears because resorption indices and activation frequency were reduced but normalized formation rates were unchanged, which allowed existing pores to refill despite the decrease in bone turnover.
More recently, cortical bone geometrical, mineral, porosity, and mechanical properties were quantified in a much larger group of bones from black bears (n ϭ 65) ( Table 2 ). Bears were culled by licensed hunters during the spring and fall hunting seasons in Utah, and one femur was obtained from each bear. The spring bears had remobilized for ϳ1-4 wk following 6 mo of hibernation. Despite this small amount of remobilization, this model is an improvement over previous studies because it allows a direct comparison of bone properties in prehibernation and posthibernation bears (fall and spring, respectively) with high statistical power. Furthermore, this amount of remobilization should be insufficient for bone recovery if any bone loss did occur during hibernation (91, 195) . Analyses of whole bone structure and strength were completed as described above. Cortical bone strength, geometry, and porosity were not different in prehibernation and posthibernation black bears. (Table 2 ). The large sample size in this study provided high statistical power (Ͼ90% for most properties) and corroborated our findings on grizzly bears that femoral cortical bone is preserved during hibernation. These results were also consistent with a previous study, which found that cortical bone area is not different between fall and spring black bear forelimbs (141) . Taken together, these studies provide strong evidence that hibernating bears prevent disuseinduced cortical bone loss in femoral diaphyses.
Cortical bone lacunar microstructure has recently been quantified in hibernating and active bears so the effects of hiberna- Grizzly and black bears (Ursus arctos and Ursus americanus, respectively) ranged from 1 to 20 yr old and hibernated for 4 -6 mo. % Difference (Hib: Active) is the percentage difference for each bone property in hibernating compared to active grizzly bears. Cortical bone properties are reported for the femoral midshaft, and trabecular bone properties are reported for the distal femoral metaphysis (architecture) and ilium (remodeling indices). Similar trends in trabecular architecture were observed in the grizzly bear distal femoral epiphysis and ilium. % Difference Post:Pre is the percentage difference for each bone property in posthibernation compared to prehibernation black bears. % Differences marked with an asterisk (*) were significantly different between hibernating and active bears at the P Ͻ 0.05 level.
tion on skeletal structure can be more directly compared between bears and smaller mammals. Lacunar size and lacunar porosity were quantified in hibernating and active grizzly bears that were paired by age and sex. Compared with active bears, lacunar porosity was 26% lower, and lacunar size was 15% lower in bears that had hibernated for ϳ17 wk (Fig. 3) . This is opposite to the increased lacunar size that has been observed in smaller hibernating animals (69, 97, 99, 172) . Hibernating bears, therefore, appear to prevent bone loss on both microstructural and macrostructural levels.
Seasonal changes in bear trabecular bone properties. The effects of hibernation on trabecular bone in bears are also of interest because trabecular bone, because of its greater surface area, responds to disuse more rapidly (27, 187) and shows greater losses than cortical bone for a given period of inactivity (67, 91, 102) . Early studies suggested that bears maintain trabecular bone in the ilium during hibernation (55) . More recently, trabecular bone architecture in the distal radius was quantified and compared between black bears killed in the fall (prehibernation) and spring (posthibernation) black bears. There were no differences in trabecular bone mineral content, trabecular thickness, or trabecular bone volume fraction (P Ͼ 0.2) between fall and spring bears (141) . These results were confirmed in the distal femoral metaphysis, distal femoral epiphysis, and ilium of hibernating and active grizzly bears (125) ; there were no differences in trabecular bone architecture or mineral density in any of these skeletal locations (Table 2) . Trabecular remodeling indices were quantified in the ilium of hibernating and active grizzly bears. Interestingly, trabecular bone turnover was decreased in hibernating bears, but bone formation (osteoid surface) and resorption (eroded surface) indices were decreased by approximately the same amount, suggesting that bone remodeling remains balanced in bear trabecular bone during hibernation (Table 2) . These results are comparable to the effects of hibernation on cortical bone in grizzly bears, but opposite to what occurs in other animal models of disuse (116, 196) . However, a limitation of these studies is their low sample size (n ϭ 4 bears per season). Further studies in a larger population of bears are needed to determine the effects of hibernation on bear trabecular bone. Additionally, other skeletal sites should be investigated to determine whether the response of bear trabecular bone to hibernation is uniform throughout the skeleton.
In summary, bone remodeling is decreased, but bone formation and bone resorption remain balanced in hibernating bears. This leads to increased cortical bone mineral content, decreased intracortical porosity, preserved trabecular bone architecture and cortical bone geometry, and maintenance of bone strength during hibernation, which is opposite to what occurs in humans and other animals during disuse. Skeletal preservation during hibernation explains why bears do not demonstrate cortical bone loss with age despite experiencing annual periods of disuse with limited remobilization.
Effects of Seasonal Dormancy on Bone in Nonmammalian Vertebrates
There is a paucity of data on the effects of hibernation and estivation (metabolic depression during dry seasons) on bone in nonmammalian species. Osteocyte lacunar area increases in snakes during dormancy in winter months, and this increase is accompanied by an area of demineralization surrounding the osteocyte lacunae (5). This response is similar to the skeletal response, which leads to bone loss, reported for small hibernating mammals (69, 97, 99, 197) . In contrast, estivating frogs maintain bone-bending strength, cross-sectional area, and moment of inertia (83) . Additionally, bone loss on the microscale (i.e., osteocytic osteolysis) was not observed in estivating frogs, in contrast to the increased osteocyte lacunar area observed in small hibernating mammals (97, 99, 172) ; however, quantitative measurements of osteocyte lacunar area were not made in the estivating frogs. At present, it is unknown whether all seasonally dormant vertebrates are able to preserve skeletal structure and what metabolic mechanisms or endocrinological changes may explain the differences in the skeletal response of snakes to hibernation and frogs to estivation.
Hibernation Patterns in Relation to Bone Remodeling
The available data suggest there are differences in the skeletal responses of bears and smaller mammals to hibernation. Small mammals may lose bone during hibernation (Figs.  1-3) , whereas hibernating bears appear to completely prevent bone loss (Table 2 , Figs. 4 and 5 ). This disparity may be related to differences in hibernation patterns between bears and small hibernators. Compared with bears, smaller mammals experience much greater relative reductions in physiological processes like metabolic rate (23, 63, 79, 193) , heart rate (56, 203, 204) , and T b (49, 56 -58, 76, 194) during torpor bouts. Body temperature in small hibernating mammals can fall by 30°C or more, with minimum T b s typically between 0 and 10°C in most species (63) . However, small mammalian hibernators arouse periodically from torpor every 3-25 days due to intense bursts of metabolism that raise T b to near-normal levels and cause resumption of many metabolic and physiological processes (23, 59, 78, 115) . In contrast, the body temperature of hibernating bears remains above 30°C throughout the denning season, and distinct arousals back to 37°C do not occur (134) .
Bears probably do not demonstrate abrupt arousal periods during hibernation because they can maintain consistent and relatively high T b s throughout the winter. Differences in the seasonal maintenance of T b may factor into the dissimilar bone responses of bears compared with smaller mammals during Fig. 5 . Average osteocyte lacunar area was quantified at the femoral midshaft for age-and sex-matched hibernating and active grizzly bears (n ϭ 4 per season). There was a trend for lower average osteocyte lacunar area in hibernating grizzly bears (P ϭ 0.085).
hibernation. Furthermore, although renal function is reduced during torpor in both bears and small mammals (19, 81, 204) , small mammals resume renal function and excrete waste during interbout arousals (143) , whereas hibernating bears do not excrete waste during the hibernation season (56, 135) . Therefore, bears must employ more sophisticated recycling mechanisms to prevent toxic buildup of molecules that are normally excreted, like urea and calcium, whereas these molecules can be periodically excreted in smaller hibernating mammals. As will be discussed below, the need to maintain homeostatic calcium levels may explain some of the disparate effects of hibernation on bone properties between bears and smaller mammals.
Calcium Recycling and Hibernation-Induced Bone Loss
Small mammals excrete waste, which contains calcium, during interbout arousals from torpor (20, (143) (144) (145) 161) . This calcium may be liberated from bone as a direct response to reduced skeletal loading during hibernation. Alternatively, small mammals may excrete calcium as a byproduct from the resumption of metabolic processes during interbout arousal periods from torpor. If the latter is true, serum calcium levels would need to be replenished to maintain homeostasis, likely by stimulating the release of calcium from the skeleton. This could lead to progressive bone loss over time as a result of the cumulative effects of multiple arousal periods over the hibernation season.
Since osteoclastic measures do not substantially increase in small hibernating mammals (42, 138, 172, 197) , hibernationinduced bone loss in small mammals has classically been attributed to osteocyte activity rather than unbalanced bone remodeling by osteoclasts and osteoblasts. Osteocytic osteolysis is a process by which osteocytes demineralize their perilacunar matrix tissue (30, 96, 174) . Although the osteolytic capacity of osteocytes has been questioned in the past (16, 123, 142) , recent literature supports the ability of osteocytes to modify their local microenvironment to aid in mineral homeostasis (30, 101, 174) . Osteocytes have receptors for parathyroid hormone (PTH) (37, 184) , the primary regulator of serum calcium levels, and osteocytes can produce acid phosphatase, a bone demineralization agent, in response to resorptive signals from continuous PTH administration, which may cause lacunar enlargement (174) . This suggests that osteocytes can sense and respond to signals aimed at serum calcium maintenance. The abundance of osteocytes in bone tissue relative to other bone cells, coupled with the large amount of lacunar surface area readily available to osteocytes, suggests that calcium mobilization by osteocytes could require less metabolic energy to maintain calcium homeostasis compared with energy required for increased bone turnover by osteoclasts and osteoblasts. Calcium mobilization via osteocytic osteolysis could therefore be consistent with mechanisms of energy conservation and the bone loss previously observed in small hibernating mammals; small mammals may conserve metabolic energy by using osteocytic perilacunar bone matrix modifications to maintain serum calcium levels by replacing excreted calcium. In support of this hypothesis, histological evidence of osteocytic osteolysis associated with hibernation can be prevented by injections of calcitonin, a hormone that prevents osteocytic osteolysis and hypercalcemia caused by continuous PTH administration in vivo (53) , although this procedure was associated with high mortality rates in hibernating bats (97) . The authors of that study speculated that the high mortality rates following calcitonin injections could be due to an imbalance in serum calcium levels, caused by an exogenous suppression of osteocytic osteolysis that affected calcium homeostasis, but plasma calcium was not directly measured. The effects of hibernation on serum calcium levels are difficult to discern because considerable variation is reported in the literature. Compared with active controls, serum calcium is elevated in hibernating hamsters (54) , has been reported to either increase (20, 99) or decrease (151, 152) in hibernating little brown bats, and remains constant in hibernating ground squirrels during 6 days of continuous torpor and during extended hibernation interrupted by periodic arousals (144) . Variation between studies is likely influenced by factors like species differences, food availability, hibernation length, and sampling time relative to interbout arousal periods.
In contrast with small hibernators, bears do not excrete waste for ϳ6 mo annually (56, 135) . Consequently, bears must recycle catabolic products (e.g., urea and calcium) to maintain homeostasis. However, like smaller mammals, the demand for metabolic energy can be decreased if bone formation and resorption processes are reduced during hibernation, as occurs with other physiological processes like heart rate, kidney function, and metabolic rate (19, 56, 79, 193) . Therefore, from the standpoints of both energy conservation and calcium homeostasis, decreased bone remodeling (with balanced resorption and formation) seem beneficial for hibernating bears. Previous research supports the idea that bears experience decreased, but balanced, bone remodeling during hibernation, which helps them to preserve bone structure and strength (128) and maintain constant serum calcium levels (55) . PTH is the primary regulator of serum calcium levels, and serum PTH levels are correlated with the serum bone formation marker osteocalcin in hibernating and active bears (39) . It is possible that increased levels of PTH cause increased renal reabsorption of calcium, facilitating the recycling of mineral back into bone (39) .
Potential Roles of Neural and Hormonal Regulation of Bear Bone Metabolism
The mechanisms by which bears prevent bone loss during hibernation are likely influenced by hypothalamic control. The hypothalamus controls the downregulation of energy-expensive processes during hibernation, and since bone remodeling processes (which are energy expensive) are decreased in hibernating bears, it is possible that hypothalamic control drives this adaptation. It is interesting to note that the relative decreases in bone remodeling and other physiological processes by hibernating bears are comparable, suggesting a possible role for hypothalamic control of bone remodeling during hibernation. For example, heart rate and metabolic rate in hibernating black bears can be reduced by ϳ75-80% compared with active bears (10, 56, 194) , similar to the 75% decrease in intracortical activation frequency observed in hibernating grizzly bears (128) . A possible mechanism for hypothalamic control of bone remodeling is shown in Fig. 6 .
The hypothalamus is already known to play a key role in the central regulation of bone remodeling. Leptin, a hormone that affects appetite, body weight, and reproduction (3, 4, 61) , can affect osteoblast function through receptor activation in the hypothalamus; leptin signaling from adipose tissues is processed and relayed by the hypothalamus, resulting in decreased osteoblast function. Molecular machinery thus exists to exert hypothalamic control over bone-remodeling processes, and it is possible that hypothalamic regulation contributes to the decrease in bone remodeling, which helps preserve skeletal structure, in hibernating bears. Serum leptin concentration is not different in hibernating compared with prehibernation bears (39) , but leptin's effects on osteoblasts are mediated via the sympathetic nervous system and activation of the adrenergic receptor ␤2AR on osteoblasts by norepinephrine (48) . Mice lacking ␤2AR have high bone mass (44, 173) , and osteoblasts from mice lacking ␤2AR show decreased expression of RANKL, a factor that regulates osteoblast-mediated osteoclast differentiation (48) . Norepinephrine may also be involved in the central regulation of hibernation (13, 64, 65) . We found that serum norepinephrine decreases in hibernating bears compared with prehibernation levels (P ϭ 0.006, unpublished data). Since norepinephrine has a predominantly catabolic effect on bone, the decrease in norepinephrine during hibernation could explain the decrease in bone turnover and prevention of bone loss observed in hibernating grizzly bears (128) .
Osteocalcin may also play a role in seasonal regulation of bone turnover in bears. Osteocalcin is the most abundant noncollagenous protein found in bone matrix, and is a commonly used marker of bone formation, but uncarboxylated osteocalcin can also act as a hormone in the interaction between bone and adipose tissues, possibly through regulation of adiponectin. Osteocalcin can increase adiponectin expression in vivo and in vitro, and mice lacking osteocalcin have decreased serum levels and expression of adiponectin (111) . This is of interest because serum adiponectin levels are inversely correlated with metabolic rate, and trimeric and hexameric forms of adiponectin can act through the hypothalamus to facilitate energy conservation during times of starvation (98) . Adiponectin increases AMPK activity in the hypothalamus, leading to decreased oxygen consumption and energy conservation (98) . Increased osteocalcin in bear serum during hibernation (39) could, therefore, play a role in energy conservation by hibernating bears.
Osteocalcin can accumulate in the serum when renal function is impaired, as occurs in human patients with renal failure (36, 179) ; a similar phenomenon may occur in bears since glomerular filtration rate decreases and waste excretion ceases in hibernating bears (19, 56) . Interestingly, osteocalcin may have an inhibitory effect on the activity of mature osteoblasts, since bone formation is increased but osteoblast number is not changed in osteocalcin-deficient mice (45) . In bears, this mech- Fig. 6 . Possible mechanism for hypothalamic regulation of bone remodeling and energy conservation in bears. Decreased norepinephrine and increased PTH 7-84 could signal for decreased osteoblast expression of receptor activator of nuclear factor-B ligand (RANKL), thus inhibiting osteoclast differentiation and decreasing bone resorption. Concomitantly, PTH 1-84 could maintain osteoblast viability and prevent disuse-induced osteoblast apoptosis, maintaining bone formation at the onset of hibernation. Osteoblasts could then continue synthesizing carboxylated and uncarboxylated osteocalcin, the latter of which could act on adipocytes to trigger the release of trimeric and hexameric forms of adiponectin. These forms of adiponectin, acting through the AdipoR1 receptor in the hypothalamus, could increase AMPK and contribute to the process of energy conservation during hibernation. Increased serum osteocalcin could serve as a negative regulator of osteoblast function, decreasing bone formation during hibernation and thus contributing to the conservation of energy.
anism could contribute to energy conservation, and it could partly explain why bone formation is decreased (in balance with bone resorption) in hibernating grizzly bears (128) . Further studies are needed to determine whether bone turnover is reduced in bears as a consequence of the hypothalamic-regulated global reduction in metabolism during hibernation and to elucidate the relative roles of factors like osteocalcin, norepinephrine, adiponectin, and leptin.
Parathyroid hormone (PTH), the primary regulator of serum calcium levels, has also been implicated in the mechanism by which bears recycle calcium and maintain balanced bone remodeling (39, 128) . PTH levels are positively correlated with osteocalcin (a marker of bone formation) in hibernating and active bears (39) . Bear PTH has antiapoptotic effects on osteoblastic cells in vitro (126) ; it is possible that bear PTH 1-84 acts through the PTH1 receptor on osteoblasts to prevent the increased apoptosis and decreased bone formation rates normally associated with disuse (2, 46, 196) . Increased levels of PTH in bears could cause increased renal reabsorption of calcium, facilitating the recycling of mineral back into the bone by maintaining bone formation in balance with bone resorption (39) . This could contribute to the preservation of trabecular and cortical bone properties like mineral content and porosity that has been observed in hibernating bears (55, 128, 141) . A biological mechanism involving bear PTH may, therefore, play a role in the ability of bears to maintain balanced bone remodeling during hibernation. However, the exact role of PTH in hibernating bears is unclear. It is possible that the measured concentrations of PTH in bears reflect large, Cterminal fragments of the hormone (C-PTH), rather than the full 84 amino acid hormone, since a second-generation PTH assay (which measures 1-84, 7-84, and 11-84 PTH) was used in these bear serum analyses (39) . C-PTH fragments are usually cleared by the kidneys, but accumulate when renal function is decreased [e.g., during renal failure in humans (18, 137)]. Because bears decrease renal function and do not urinate during hibernation (19, 56, 135) , it is possible that C-PTH fragments accumulate in hibernating bears. C-PTH fragments, acting through CPTH receptors on osteoblasts and osteocytes, have antiresorptive effects on bone and can decrease serum calcium levels (38, 104, 136) and may contribute to the development of adynamic (low bone turnover) bone disease in humans (131) . Therefore, increased C-PTH levels could contribute to the decreases in intracortical turnover and bone resorption indices observed in hibernating grizzly bears (128) . Further studies to elucidate the possible contribution of both whole and C-terminal fragments of PTH to the mechanism of skeletal preservation in bears are of interest.
Translating Hibernation-Related Bone Preservation Mechanisms to Treating Human Osteoporosis
Understanding the mechanism which prevents disuse-induced bone loss in bears could lead to improved treatments for osteoporosis. Currently, oral bisphosphonates are the most prescribed pharmaceutical therapy for osteoporosis. Clinically prescribed nitrogen-containing bisphosphonates like alendronate, ibandronate, and risedronate inhibit farnesyl diphosphate synthase (14, 182) , preventing GTPase prenylation and decreasing mature osteoclast function (28, 29, 68) . This reduces bone resorption and slows bone turnover, allowing unenhanced bone formation processes to slowly restore bone. Although bisphosphonates are effective antiresorptive therapies, they are not capable of directly stimulating bone formation. Recombinant human parathyroid hormone (rhPTH 1-34: Forteo) is currently the only anabolic therapy approved for treatment of osteoporosis. Daily injection of rhPTH produces larger increases in spinal bone mineral density in a shorter amount of time, resulting in greater reduction of bone fracture risk, compared with usage of oral bisphosphonates (25, 72, 119, 133) . However, rhPTH may not be able to completely restore lost bone; it has been suggested that men and women can lose between 20 and 30% of cortical and cancellous bone as a result of age-related osteoporosis (153, 160) , but only 8 -10% is recovered using rhPTH during suggested treatment regimens (80, 133, 139) . Thus, there exists a clinical need for improved osteoporosis treatments.
We sequenced bear PTH 1-84 and found nine amino acid differences compared with the sequence of human PTH 1-84. Previous work suggests that exogenous PTH from different species (with differences in their amino acid sequence) can vary in anabolic potential. For example, ovariectomized rats demonstrated a 25% greater bone formation response to daily 25 g/kg injections of bovine PTH 1-34 than to rat PTH 1-34 (five amino acid sequence differences), resulting in a 37% greater increase in bone volume fraction during treatment (118) . Thus, there exists the possibility that the amino acid substitutions in bear PTH cause it to elicit a greater bone formation response compared with human PTH. In support of this hypothesis, we found that bear PTH 1-34 decreases proapoptotic signaling in osteoblasts more than human PTH 1-34 (126) .
Other candidates for clinical therapies may emerge from studies of seasonal changes in bear hormone levels and the central control of bone remodeling in hibernating bears. Neuropeptides like neuropeptide Y (NPY) and cocaine amphetamine regulated transcript (CART) are regulated by the central effects of leptin and could possibly contribute to the observed boneremodeling processes in hibernating bears. NPY can act through Y2 receptor in the hypothalamus and cause decreased bone mass by reducing differentiation of osteoblast progenitor cells (122) , and mice deficient in the Y2 receptor demonstrate increased cortical bone mineral density (8) . Mice lacking CART have low bone mass and upregulated expression of RANKL but demonstrate normal rates of bone formation (48) . Thus CART may decrease bone resorption without affecting bone formation, similar to how grizzly bears demonstrate decreased cortical bone turnover with unchanged normalized mineral apposition rates (128) . Exploring neural and hormonal control of bone metabolism during hibernation could give valuable insight into translating the mechanisms that prevent disuse-induced bone loss in bears to novel therapies for treating osteoporosis.
In conclusion, hibernating mammals provide a natural animal model of physiological adaptations to musculoskeletal disuse. The mechanisms by which bears prevent disuse-induced bone loss are likely interrelated with their ability to maintain calcium homeostasis, prevent muscle atrophy, and avoid the negative consequences of renal failure, while not excreting waste during hibernation. For example, when bears decrease renal output during hibernation, calcium released by bone resorption may be recycled back into the skeleton via renal reabsorption and the maintenance of bone formation to maintain homeostatic serum calcium levels. These and other areas of the bear's integrated response to hibernation warrant further study. Elucidating the mechanisms by which bears prevent bone loss during disuse may aid in the development of new therapies for human osteoporosis.
